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Abstract. Hybrid concepts based on a nanoscale combination of organic and inorganic semiconductors are
a promising way to enhance the cost eﬃciency of solar cells through a better use of the solar spectrum,
a higher aspect ratio of the interface, and the good processability of polymers. A new type of solar cells
has been investigated. It is based on a heterojunction between regio-regular poly(3-hexylthiophene) as
an organic electron donor and silicon as an inorganic electron acceptor. In a ﬁrst step towards nano-
structured devices, cells made of ﬂat thin ﬁlms of these materials have been studied as a model case of
the heterojunction. The materials were characterized through ellipsometry and absorption spectroscopy.
The devices were studied by means of their spectral response and their I-V characteristics. By combining
these results, the contribution of each layer and the mechanisms of photocurrent generation are explained.
The best cells to-date show a power conversion eﬃciency of 1.6% under AM 1.5 illumination, with a Voc
of 0.704 V and a Jsc of 4.22 mA/cm
2.
PACS. 81.07.Pr Organic-inorganic hybrid nanostructures – 73.50.Pz Photoconduction and photovoltaic
eﬀects
1 Introduction
Enhancing the separation of charge carriers – to prevent
them from recombining – is a major means to improve the
eﬃciency of solar cells. As this separation occurs at the
interface between two materials, a good way to improve it
is to increase the ratio between the area and the volume.
Several types of devices based on this principle have
been proposed. With all-organic interpenetrated net-
works of electron donors (e.g. P3HT1) and acceptors
(e.g. PCBM), eﬃciencies as high as 3.8% have been re-
ported [1]. Bulk heterojunctions between polymers and
inorganic nanoparticles lead to eﬃciencies of 1.8% (with
MDMO-PPV and branched CdSe nanoparticles [2]). De-
vices, where nanostructured materials are directly grown
on the substrate as proposed by Coakley et al. [3], would
additionally bring an electrically continuous path from the
active interface to the electrodes.
In most devices based on this concept, the nanos-
tructured part is the electrode, which does not actively
contribute to the photocurrent. Yet one could imagine
 This paper has been presented at “ECHOS06”, Paris,
28–30 juin 2006.
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1 poly(3-hexylthiophene).
devices where this part is photoactive, too. Good candi-
dates could be cells made of silicon nanowires – as an
inorganic electron acceptor – grown on a transparent con-
ductive oxide and regio-regular P3HT [4] as an organic
electron donor. In a ﬁrst step towards these nanostruc-
tured hybrid cells, simpliﬁed ones, which are based on a
planar heterojunction between P3HT and thin-ﬁlm sili-
con, have been studied. It was thus possible to investigate
the organic/inorganic junction independently of the actual
shape of the layers.
The fabrication and characterization of these devices
are presented here. It is shown that this junction can be
valuable for photovoltaic conversion, and the mechanisms
of photocurrent generation are explained. Finally, some
guidelines for the improvement of devices based on these
materials are given.
2 Experimental section
2.1 Device fabrication
The devices are made of stacked thin ﬁlms deposited on
glass substrates covered with ITO (Indium Tin Oxide). At
ﬁrst, substrates are etched using a mixture of nitric acid
and chlorhydric acid to partly remove ITO and cleaned
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Table 1. Typical parameters for deposition of silicon layers by
PECVD.
Flow rates (sccm)
Layer Pressure SiH4 H2 PH3 RF power
(mtorr) (W)
µc-Si(n) 2700 3 200 11
µc-Si(i) 2700 3 200 0 11
a-Si:H(n) 50 50 0 1 1
a-Si:H(i) 150 50 100 0 3
by ultrasonication in acetone, isopropanol and de-ionized
water baths. Electric contacts made of chromium (10 nm)
and gold (40 nm) are then evaporated by Joule eﬀect un-
der high vacuum (around 5 × 10−7 mbar) in a BOC Ed-
wards Auto 306 Vacuum Coater.
Two sets of devices were prepared. For the ﬁrst type,
silicon2 is directly grown on ITO by PECVD (Plasma
Enhanced Chemical Vapor Deposition) at a temperature
of 200 ◦C and under the conditions given in Table 1.
P3HT was purchased from Sigma-Aldrich and not mod-
iﬁed. It is dissolved in chlorobenzene before being spin-
coated on top of silicon. The concentration used for most
samples is 20 g/L, which leads to thicknesses ranging
from 60 to 70 nm. The samples are then annealed for
5 min at 110 ◦C to evaporate the solvent. After de-
position of the top electrodes, the structure of the de-
vices is: ITO/a-Si:H(n)/a-Si:H(i)/P3HT/metal or ITO/a-
Si:H(n)/µc-Si(i)/P3HT/metal. Palladium is preferably
used because it has almost the same work function as gold3
(ΦPd = 5.2 eV and ΦAu = 5.1 eV) but its deposition leads
to fewer short-circuits.
For the second type of devices, silicon is grown on
P3HT to avoid the presence of native oxide at the inter-
face between the two materials and to make illumination
through P3HT possible. In order to ﬁt the work function
of the bottom electrode to the HOMO (Highest Occupied
Molecular Orbital) level of P3HT and to enhance the ad-
hesion between the two materials, an intermediate layer of
PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(sty-
renesulfonate)) is spin coated on ITO. The samples are
then annealed for an hour at around 120 ◦C, and dissolved
P3HT is spin-coated on top of it. After another anneal-
ing (5 min at 110 ◦C), amorphous silicon is deposited by
PECVD at 80 ◦C; the conditions used for this deposition
are also summarized in Table 1. Finally, 50 nm-thick top
electrodes made of aluminium are evaporated. The struc-
ture of these devices is: ITO/PEDOT/P3HT/a-Si:H(i)/
a-Si:H(n)/Al.
The structure of the two types of devices is summa-
rized in Figure 1. The area of the cells – 28 mm2 – is
deﬁned by the size of the top electrodes.
2 Intrinsic, n-doped microcrystalline silicon and hydro-
genated amorphous silicon are abbreviated to µc-Si(i), µc-
Si(n), a-Si:H(i) and a-Si:H(n), respectively.
3 Gold is used as top electrode with P3HT and other organic
semiconductors by most authors and was also used at the be-
ginning of this study.
Fig. 1. Schematic side-view of the type I (left) and II (right)
devices.
Fig. 2. Absorption spectra of materials used in the devices
(inset: absorption spectrum of P3HT between 400 nm and
700 nm).
The evaporation of metals, every step involving P3HT
(dissolution, spin-coating and annealing) and I-V mea-
surements under AM 1.5 illumination are made in an
MBraun clean glovebox under nitrogen atmosphere.
2.2 Characterization
Optical densities of materials are measured with a Perkin
Elmer UV/Vis/NIR Lambda 19 spectrometer. Ellipsome-
try spectra are obtained with a Uvisel Jobin-Yvon Horiba
system and processed using DeltaPsi2 software. The thick-
ness of the silicon layers is determined using ellipsome-
try spectra and that of P3HT ﬁlms is measured with an
Alpha Step IQ surface proﬁler. AM 1.5 illumination at
100 mW/cm2 over an area of about 10×10 cm2 is provided
by a KHS SolarConstant solar simulator. I-V characteris-
tics under illumination are measured with a computer-run
Keithley 2400 SourceMeter. I-V curves in dark at various
temperatures are measured under primary vacuum (about
1 mbar) in a homemade cryogenic system.
3 Results and discussion
3.1 Materials
Absorption spectra of several kinds of silicon layers and
of a 60 nm-thick layer of P3HT are compared in Figure 2.
In that case, amorphous silicon absorbs more light than
microcrystalline silicon for 400 nm ≤ λ ≤ 500 nm, which
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Fig. 3. Absorption spectra of layers in a device of type II.
is part of the absorption range of P3HT. This partly ex-
plains the low level of photocurrent when amorphous sil-
icon is used as the intrinsic layer. Nevertheless, the re-
spective absorption maxima of the polymer and silicon
are clearly separated, so the devices should make an eﬃ-
cient use of the solar spectra when the silicon layer is thin
enough. Moreover, amorphous silicon is used in most sam-
ples because its higher bandgap allows to reach a higher
Voc and to separate the charge carriers more eﬃciently.
It should be noted that for layer thicknesses of the same
order of magnitude, the optical density of P3HT is much
lower than that of silicon, so much more of the incident
light reaches the interface between the two materials when
the devices are illuminated through P3HT rather than
through silicon.
The optical density of the layers of type II devices
(ITO/PEDOT/P3HT/Si/Al) are shown in Figure 3. The
absorption spectra of P3HT after the deposition of sili-
con was computed by subtracting that of amorphous sil-
icon deposited on glass to that of the whole active lay-
ers (PEDOT/P3HT/a-Si:H(i)/a-Si:H(n)); all silicon layers
were deposited in the same run. The diﬀerence of optical
density with pristine P3HT can be explained by the fact
that the latter was deposited on glass instead of PEDOT,
so the thickness of the layer is higher. Nevertheless, the
shapes of the two curves are quite similar, which shows
that P3HT is not chemically aﬀected by the top deposi-
tion of silicon at low temperature.
The thickness of P3HT layers strongly depends on the
surface state of the substrate. For example, for a given
concentration of the solution (15 g/L), the spin-coating of
the polymer over two diﬀerent ﬁlms of a-Si:H (one being
much more hydrogenated than the other) leads to layer
thicknesses of 35 nm and 60 nm, respectively. A thorough
study of this phenomenon is under way.
3.2 Devices
3.2.1 I-V Characteristics
As shown in Figure 4, the devices generally have a good
rectifying behavior: IOnIOff  105 at ±0.7 V at room temper-
Fig. 4. I-V characteristics in the dark at various temperatures
of a cell made of ITO/a-Si:H(n)/a-Si:H(i)/P3HT/Au.
Fig. 5. I-V characteristics of a Schottky cell based on
a-Si:H (bold) and of one of structure ITO/a-Si:H(n)/a-
Si:H(i)/P3HT/Pd (light), the silicon on both devices being
prepared in the same run.
ature4 (20 ◦C). Yet on some of them this is limited by a
shoulder in the characteristics under direct polarization,
which clearly comes from the polymer layer. Indeed, as
shown in Figure 5, the shoulder is visible on the charac-
teristics of the whole device, whereas it is not apparent on
the characteristics of a Schottky cell made with the same
batch of amorphous silicon (a-Si:H(n)/a-Si:H(i)). Never-
theless, it is not clear yet whether this comes from the
interface between silicon and P3HT or from the one be-
tween P3HT and the metal electrode.
The main limitation to the eﬃciency of these cells
is the photocurrent, which ranges from 0.01 mA/cm2 to
4 mA/cm2. The Voc reaches 0.7 V, which is almost twice
as much as the Schottky cell where the only photoactive
material is a-Si:H(n) and a-Si:H(i). Yet it should be noted
that there is no improvement of the Voc with respect to
this Schottky cell when a shoulder is visible. Finally, the
ﬁll factor being up to 0.6, the best energy conversion eﬃ-
ciency to-date is 1.6%.
4 This ratio is generally limited by the current density in
direct polarization and provides thus a good information on
the conductivity of the materials; in addition, the better the
ratio, the higher Jsc.
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Fig. 6. Spectral response (bold) of the device ITO/a-
Si:H(n)/a-Si:H(i)/P3HT/Pd when illuminated through silicon
(plain) or P3HT (dashed line) and absorption spectra (light)
of P3HT (plain) and amorphous silicon (dotted line).
3.2.2 Spectral response
As can be seen in Figure 6, most of the photocurrent is
generated within the absorption range of P3HT when the
incident light ﬁrst goes through ITO and silicon. It is sym-
batic generation, i.e. the peaks in the absorption spectrum
of P3HT and those in the spectral response are in phase.
This shows that the faster the photons are absorbed, the
more they contribute to photocurrent. Hence the actual
separation of charge carriers happens at the interface with
silicon, which is here the ﬁrst side of the P3HT layer to
be illuminated.
On the contrary, when the incident light ﬁrst goes
through the top electrode and P3HT, two separate peaks
clearly appear in the spectral response. Each of it corre-
sponds to the absorption maximum of a-Si:H and P3HT,
respectively. Moreover, the charge carrier generation in
P3HT appears to be antibatic, i.e. local maxima in the
absorption spectrum of P3HT correspond to local minima
in the spectral response, and conversely. This shows that
photons absorbed faster contribute less to the photocur-
rent. Besides, it must be kept in mind that only excitons
generated within a distance to the interface shorter than
their diﬀusion length in P3HT – around 5 nm [5] – can be
separated and eﬃciently contribute to photocurrent. From
those two facts it can be concluded that the dissociation
of excitons generated in P3HT happens at the interface
which lies further from the light source, i.e. the interface
with silicon.
The curves presented here are normalized because, due
to the absorption by the metal electrode, the value of
the external quantum eﬃciency is about ten times smaller
when the devices are illuminated through Pd and P3HT
than in the other case.
Because of the high absorption coeﬃcient of a-Si:H for
wavelengths lower than 400 nm (about 7× 107 m−1), the
penetration length is about 10 nm, which is much smaller
than the total thickness of the silicon layer (50 nm). Most
charge carriers are thus generated within this distance
from the ﬁrst interface reached by photons. Due to their
low mobility in a-Si:H (typically 1 cm2/Vs for electrons
and 3× 10−3 cm2/Vs for holes [6]), most of them recom-
bine before being separated if separation does not occur
at this interface.
In our case, silicon contributes eﬃciently to photocur-
rent when it is illuminated from its interface with P3HT,
and not when light comes through ITO, which shows that,
as for P3HT, the interface where carriers generated in a-
Si:H are separated is the interface between the polymer
and silicon.
4 Conclusion
P3HT actively contributes to the eﬃciency of cells based
on a ﬂat heterojunction between this polymer and thin-
ﬁlm silicon: the solar spectrum is better used thanks to
the separation between the respective absorption maxima
of the two materials; the open-circuit voltage is increased
with respect to cells made of similar silicon layers without
P3HT. The separation of charge carriers actually occurs
at the interface between the organic and inorganic semi-
conductors.
The global eﬃciency is limited by the low level of pho-
tocurrent, which is mainly due to the poor conductivity of
both materials. Higher eﬃciencies could be reached if the
cells were illuminated through P3HT rather than through
silicon. This would require transparent enough metal elec-
trodes for type I devices, or the improvement of amor-
phous silicon deposited at low temperature for type II de-
vices.
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